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SECTION  ONE 


List  of  Accomplishments  under  the  Grant,  and  Conclusions 

1.  Techniques  for  the  functional  vestibular  testing  and  behavioural  hear¬ 
ing  testing  In  monkeys  were  developed. 

2 .  Techniques  for  anatomical  study  of  the  inner  ears  In  monkeys  were 

acquired  and  developed,  including  celloidin  light  microscopy,  scanning 
election  microscopy,  and  (through  a  colleague)  transmission  electron 
microscopy. 

3.  A  simulated  dive  procedure  was  successfully  developed  to  produce  dis¬ 
crete  inner  ear  damage  in  monkeys. 

4.  The  histological  picture  of  inner  ear  decompression  damage  was 

revealed,  and  In  large  numbers  of  monkeys.  In  both  the  cochlea  and 
the  vestibular  apparatus,  blood  and  blood-protein  exudates  appear  In 
the  otic  fluid  spaces.  In  the  arms  of  the  bony  semicircular  canals, 
small  breaks  in  the  bone  occur. 

5.  It  was  demonstrated  that  in  most  cases  of  inner  ear  decompression 

damage,  pathological  new  bone  growth  occurs  in  the  arms  of  the  semi¬ 

circular  canals  some  months  after  the  decompression.  This  means  that, 
weeks  or  months  after  suffering  inner  ear  decompression  damage,  if  a 
diver  develops  some  degree  of  postural  instability,  or  if  visual  blur¬ 
ring  with  head  movement  develops,  or  if  tests  show  partial  or  even 
complete  loss  of  function  of  semicircular  canals,  these  developments 
can  be  understood  as  the  result  of  new  bone  growth  in  semicircular 
canals,  without  recourse  to  central  etiologies. 

6.  Understanding  of  the  etiology  of  inner  ear  decompression  damage  was 
further  advanced  by  the  demonstration  that  it  stems  from  disruption  of 
the  blood  vascular  supply  to  the  inner  ear,  and  specifically  the 
venous  supply. 

7.  ft  was  shown  that  inner  ear  damage  from  decompression  occurs  discrete¬ 
ly  without  any  brain  lesions.  It  must  be  considered  rare  indeed  (we 
Itave  never  seen  it)  to  have  inner  ear  damage  together  with  brain 
damage  without  the  monkey’s  being  obviously  moribund.  When  vestibular 
and/or  hearing  symptoms  occur  during  decompression,  there  is  now  some 
scientific  basis  for  ascribing  these  symptoms  to  inner  ear  events 
alone,  unless  there  is  independent  indication  of  central  involvement. 

8.  It  was  shown  that  the  occurrence  of  hearing  deficits  caused  by  inner 
ear  decompression  sickness  can  be  followed  by  impressive  recovery  of 
hearing  over  a  period  of  several  weeks,  although  some  degree  of 
permanent  deficit  remains. 
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Sources  of  autopsy  material  from  deceased  divers  were  developed,  and 
inner  ears  of  two  divers  with  a  history  of  inner  ear  decompression 
dama>’e  were  obtained  (one  from  the  Persian  Gulf,  and  one  from  the 
North  Sea).  The  pathological  new  bone  growth  first  found  in  the 
monkeys  was  found  in  one  of  the  human  temporal  bones. 

I".  It  was  found  that  hyperbaric  oxygen  therapy  is  beneficial  in  inner  ear 
decompression  damage,  although  such  therapy  does  not  prevent  the 
subsequent  pathological  new  bone  growth. 

1  I .  Conclusion:  the  objectives  of  the  work  were  realized. 
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INTRODUCTION 


The  Insidious  nature  of  inner  ear  decompression  sickness  during 
deep  simulated  dives  is  now  well  documented  in  the  squirrel  monkey 
(Saimiri  sciureus)  (1-3).  In  provocative  ascents  from  27A  metres  sea 
water  (msw)  while  breathing  a  hellox  gas  mixture,  the  signs  of 
decompression  sickness  appear  suddenly,  mainly  in  the  form  of  a 
vigorous  head  nystagmus,  which  occurs  between  62  msw  and  the  surface. 
If  these  monkeys  are  sacrificed  a  few  days  after  their  dive,  the  inner 
ear  spaces  are  usually  congested  with  blood  and  blood  proteins.  In 
those  monkeys  sacrificed  20  or  more  days  after  sustaining  an  inner  ear 
"hit",  the  most  common  pattern  is  that  of  ectopic  new  bone  growth 
and/or  the  presence  of  fibrous  material  in  the  fluid  spaces  of  the 
vestibular  apparatus,  particularly,  in  the  semicircular  canal  spaces. 
Central-nervous-system  damage  in  the  centres  subserving  vestibular  and 
auditory  functions  was  only  found  when  there  was  brain  damage 
elsewhere  as  a  result  of  a  severe,  generalized  decompression  sickness. 

The  purpose  of  the  present  report  is  to  summarize  the  main  find¬ 
ings  of  our  research  in  the  area  of  inner  ear  decompression  sickness  in 
deep  diving  environments.  From  these  observations,  a  plausible  theory 
has  been  developed  which  explains  many  of  the  results  that  were 
obtained.  Furthermore,  interpretation  of  the  results  suggests  what 
procedures  constitute  acceptable  therapeutic  treatment  for  the  success¬ 
ful  manangement  of  inner  ear  decompression  sickness.  j 


MATERIALS  AND  METHODS 


Animal  Model 


Male  squirrel  monkeys »  free  from  ear  infections  and  other  dis¬ 
orders,  were  used  in  the  study.  On  the  day  before  the  dive,  both  ear 
drums  were  surgically  perforated  under  apesthesla  so  that  the  animal 
could  equilibrate  the  middle  ear  with  ambient  pressure.  Functional 
testing  of  the  vestibular  system  was  performed  before  and  at  selected 
Intervals  after  the  dives  until  the  animal  was  sacrificed  for  histo¬ 
logical  study  (see  (3)  for  further  details).  The  temporal  bones  were 
processed  (horizontal  sections,  20  ^m  thick)  using  the  method  of 
Igarashl  (4);  brain  sections  were  similarly  prepared  (coronal  plane,  20 
^m  thick). 

Decompression  Procedures 

All  experiments  were  performed  in  a  small  animal  chamber 
(Bethlehem  Corp. ,  0.173  m^  capacity).  The  dive  commenced  with  air  to 
13.9  msw;  then  with  helium  at  a  rate  of  32.6  msw/minute  to  a  depth  of 
274  msw.  After  one  minute  of  bottom  time,  decompression  began  at  a 
rate  of  IB. 3  msw  per  minute  to  61  msw;  and  then  in  steps  of  6  msw  every 
4  minutes  to  the  surface.  Throughout  the  dive,  the  oxygen  partial 


pressure  was  maintained  at  50.7  kPa  (=>  U.5  atmospheres). 


Hearing  Tests  and  Training 

In  order  Co  assess  for  possible  cochlear  damage,  hearing  was 

tested  in  a  number  of  animals,  both  before  and  after  the  dive.  The 

animals  were  trained,  using  a  shock-avoidance  procedure,  to  respond  to 
tones.  Pre-dive  hearing  thresholds  were  determined  for  a  range  of 
frequencies  in  each  animal.  The  presentation  of  tones  was  controlled 
and  delivered  by  a  computer-based  system  (PDF  11/04  computer;  Digital 
Equipment  Corp.).  During  training  and  testing,  the  animals  were 

isolated  in  a  sound-proof  booth  (Industrial  Acoustics  Corp.). 

After  the  dive,  when  the  animals  had  recovered  sufficiently, 
their  hearing  was  again  tested  in  order  to  obtain  post-dive  hearing 
thresholds.  These  tests  were  conducted  on  a  regular  basis  until  the 
animal's  audiogram  showed  no  further  change,  whereupon  it  was 

sacrificed  for  histology. 

Hyperbaric  Oxygen  Therapy 


With  some  animals,  a  regimen  of  hyperbaric  oxygen  therapy  was 
instituted  immediately  after  Che  dive.  These  animals  were  treated  for 
3  successive  days  with  the  U.S.  Air  Force  modification  of  the  U.S.  Navy 
Table  6  Treatment  (5)  for  decompression  sickness.  Initial  trials  with 
control  animals  had  shown  chat  Che  monkeys  could  withstand  the  Table  6 
tre^^tment  '  .ChouC  showing  visible  signs  of  oxygen  toxicity. 


RESULTS  AND  DISCUSSION 


To  date,  some  25U  monkeys  have  received  inner  ear  hits  in 
experiments  at  DCIEM,  using  this  diving  protile.  Table  1  lists  the 
distribution  of  new  bone  growth  and  fibrous  material  that  has  been 
observed  in  the  semicircular  canal  spaces  in  2^  of  these  monkeys,  which 
were  sacrificed  between  20  days  and  6bl  days  after  inner  ear  decompres¬ 
sion  sickness.  (The  complete  absence  of  ectopic  new  bone  growth  and/or 
fibrosis  in  the  vestibular  spaces  has  been  observed  in  only  seven  hit 
monkeys  with  these  long-term  survival  times.)  Monkeys  119  and  143  were 
not  recompressed  after  receiving  a  vestibular  hit,  but  were  brought  to 
the  surface  slowly.  Monkeys  135,  IbO,  Ibb,  and  169  were  recompressed 
to  depths  which  eliminated  all  behavioural  signs  of  vestibular  dys¬ 
function  before  being  brought  to  the  surface  slowly,  at  the  rate  of  0.3 
msw/mlnute.  The  remaining  23  monkeys  in  Table  1  were  compressed  to 
twice  the  depth  at  which  the  hit  occurred  and  then  brought  to  the 
surface  at  the  slow  rate  indicated  above.  Starting  immediately  after 
receiving  their  vestibular  hit,  monkeys  201  and  207  were  subjected  to  a 
Table  6  treatment  for  three  successive  days. 

Monkeys  Fancho,  Manuel,  Juan  and  Enrico,  who  had  been  condi¬ 
tioned  to  discriminate  between  tones  and  no-tones,  were  tested  for 
hearing  thresholds  before,  and  at  selected  intervals  after,  their 
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dives 


of  the  34  monkeys  with  long-term  survival  times  that  received 
some  form  of  the  recompression  treatment,  29  had  no  apparent 
behavioural  signs  of  inner  ear  decompression  sickness  (such  as 
nystagmus  and/or  unsteadiness)  upon  completion  of  the  recompression 
schedule  (Including  6  of  those  in  which  there  was  no  evidence  of  bone 
growth  in  the  canal  spaces).  However,  about  one-third  of  these 
monkeys  developed  a  positional  nystagmus  the  following  day,  a  clear 
indication  of  continuing  vestibular  dysfunction. 

Regardless  of  whether  or  not  the  animal  received  the  recom- 
presslon  and/or  hyperbaric  oxygen  treatment (s ) ,  the  entries  in  Table 
1  indicate  the  same  outcome,  i.e.,  the  gross  infiltration  of  fibrotic 
tissue  and/or  new  bone  in  the  canal  spaces,  as  a  consequence  of  inner 
ear  decompression  sickness  (cf.  Figs.  I  and  2).  (In  animals  sacri¬ 
ficed  shortly  after  their  dive,  the  manifestations  of  vestibular- 
apparatus  damage  appears  in  the  form  of  severe  hemorrhage  in  the 
semicircular-canal  perilymphatic  spaces,  and  as  blood-protein 
exudates,  mainly,  in  the  endolymphatic  spaces;  in  particular,  as  an 
agglutinate  to  the  cupula  of  the  crista  ampullarls  (3).)  This  new 
bone  continues  to  grow  slowly  until  it  also  occludes  the  endolymph¬ 
atic  space  of  the  semicircular  canal  in  some  cases  (see  (e,p)  entries 
in  Table  1);  and  in  others,  it  continues  until  it  encroaches  on  the 
perilymphatic  space  of  the  ampulla  (see  *  entries  in  Table  1).  In 
either  case,  the  likely  result  is  the  same:  a  progressive  lessening 
of  vestibular  function,  until  total  malfunction  of  the  involved 


ductCs)  can  occur.  The  table  entries  also  illustrate  that  this  bone 
growth  occurs  1.5  times  more  often  in  the  left  labyrinth  than  in  the 
right.  Furthermore,  it  may  occur  in  one  or  more  canals  on  the  same 
side  of  the  head,  or  it  may  occur  in  one  or  more  canals  on  both  sides 
of  the  head.  Any  and  all  combinations  are  possible. 

It  appears  that  this  new  bone  growth  is  caused,  partly,  by  a 
ripping  or  Irritation  of  the  endosteum,  which  lines  the  inside  of  the 
bony  semicircular  canals  (3).  There  is  also  convincing  evidence  that 
rapid  decompression  can  generate  forces  of  a  magnitude  sufficient  to 
fracture  the  hard  temporal  bone  that  is  contiguous  to  the  bone 
comprising  the  semicircular  canal,  as  well  as  the  canal  wall  itself 
(6). 

In  an  investigation  of  the  biophysical  mechanisms  responsible 
for  causing  this  type  of  damage  in  monkeys  during  rapid  decompres¬ 
sion,  Ward  and  his  colleagues  (7)  have  produced  a  model  which 
theorizes  that,  for  certain  conditions  during  decompression,  large 
stresses  can  be  produced  by  bubble  nucleation  and  growth  within 
osteoclast  cell  cavities  in  the  bone,  such  as  are  found  in  temporal 
and  canal  bone.  Bubble  nucleation  is  thought  to  occur  within  the 
conical  processes  of  the  "ruffled”  border  —  a  specialized  membrane 
involved  in  bone  resorption  —  of  an  osteoclast  cell.  This  theory 
predicts  that  the  essentiaiiy-lncompress ible  cytoplasm  in  the  bone 
cells  (which  form  a  constant-volume,  basically-closed  cavity  of 


llquld-gas  solution)  experiences  a  pressure  rise  with  bubble  growth 
sufflcent  to  produce  a  force  capable  of  fracturing  the  bone  In  which 
It  Is  contained.  Near  the  surface  during  ascent,  the  fluid  spaces  of 
the  semicircular  canals  would  be  at  ambient  pressure  compared  to  the 
very  high  pressure  that  would  be  experienced  by  the  cytoplasm  within 
the  osteoclast  cavity  during  bubble  growth,  following  exposure  to  274 
msw.  Therefore,  once  a  critical  state  is  achieved,  the  bubble  would 
grow,  causing  a  large  transient  increase  in  pressure  relative  to  that 
of  ambient  pressure.  Accordingly,  this  would  result  In  a  sudden 
Implosive  fracture  of  the  (presumably)  rigid  temporal  and  canal  bone 
Into  the  semicircular  canal  spaces  during  the  final  phases  of  decom¬ 
pression.  This  theory  is  consistent  with  some  of  the  types  of  semi¬ 
circular  canal  damage  that  have  been  observed  histologically  follow¬ 
ing  rapid  decompression  (6).  Venter  and  his  colleagues  (b)  have 
found  that  a  mean  pressure  of  1.6  t  0.4  MPa  Is  required  to  fracture 
the  full  thickness  of  the  semicircular  canals  in  squirrel  monkeys; 
this  pressure  Is  consistent  with  that  predicted  by  Ward's  theory. 

The  Implosive  force  also  causes  a  bolus  of  pressure  wave 
energy  to  move  rapidly  along  the  canal  which  could  tear  the  endosteum 
and  loosen  the  membranous  semicircular  ducts  from  their  anchorage  to 
the  canal  wall  as  well  as  to  provide  a  substantial  transient  stimulus 
to  the  vestibular  end  organs.  This  transient  stimulus  likely 
explains  why  a  vestibular  hit  appears  suddenly  during  decompression 
in  roost  of  these  cases.  (Vestibular  hits  resulting  from  blood  supply 


changes  to  the  vestibular  end  organs  and  i  roin  central  vestibular 
dysfunction  can  also  appear  suddenly.) 

The  theory  of  Ward  and  his  colleagues  (7)  also  predicts  ttiat, 
under  similar  conditions,  for  less  severe  pressure,  bubble  nuclear  ion 
and  growth  in  bone  cells  will  not  produce  tne  pressure  requireo  to 
break  the  bone.  However,  this  pressure  difference,  whicli  could  be  of 
the  order  of  0.5  MPa,  would  still  damage  or  kill  Che  bone  cells  by 
mechanical  distortion.  This  mechanism  could  explain  the  empty  bone 
cell  cavities  found  in  the  long  bones  of  divers  suffering  from 
aseptic  bone  necrosis,  a  debilitating  condition  which  becomes  pro¬ 
gressively  more  evident  several  years  after  undergoing;  deirompress  ion 
procedures . 

It  is  instructive  to  compare  the  manifestations  and  symptoms  of 
Inner  ear  decompression  sickness  in  the  squirrel  monkey  with  Cinse 
observed  in  the  commercial  diver.  In  particular,  the  clinical  ',bior- 
vatlons  on  8  divers  by  komordin  (9)  are  pertinent  and  characteris¬ 
tic.  The  sickness  appeared  suddenly  during  decompression,  at  depths 
of  4U-A5  msw,  1-1/2  to  d  hours  from  the  time  the  dive  iKp’.an.  in  .11 
cases,  the  bottom  depths  exceeded  15U  msw,  ami  tiie  breathi  i.;.;  g  i  .  ;  u 
ture  was  oxy-hellum.  Severe  vertig.o,  nys  t.i  .mus ,  nausea,  i  ..-  .i 
tinnitus,  a  loss  of  spatial  orientation,  .uui  i  decn-ise  in  h"  ;  ■ 
were  evident  in  most  cases.  Symptoms  a  .-..i.- i .m  .  <1  with  i.io  dem,  ,  ,  - 
sion  syndrome,  such  as  joint  paia,  iichi  m  :iie  skin,  •  !>  ,, 


,■ 


usually  absent.  Immediate  recompression  was  successful  in  only  about 
a  third  of  these  Instances,  and  then  only  under  the  conditions  of 

high  pressure  for  long  periods. 

We  have  recently  completed  the  histological  study  of  the 
temporal  bones  of  a  professional  diver  who  died  (of  unrelated  causes) 
36  days  after  sustaining  a  severe  inner  ear  hit  to  his  left  labyrinth 
following  a  dive  to  about  lUO  msw  for  19  minutes  on  Trimlx  (lU^ 
nitrogen).  Some  six  hours  after  the  dive,  during  sleep,  this  diver 
experienced  dizziness  and  knee  pain  and  was,  therefore,  promptly 
recompressed  at  least  twice  (once  for  52  hours)  in  an  attempt  to 

provide  relief  (unsuccessfully).  Clinical  tests  indicated  a  total 
loss  of  vestibular  function  and  a  partial  hearing  loss  in  the  left 
ear.  The  histological  study  revealed  ectopic  new  bone  growth  and 
fibrosis  in  one  of  the  semicircular  canals  of  the  left  ear  (10). 
Clearly,  many  of  the  manifestations  and  symptoms  of  inner  ear 
decompression  sickness  in  man  and  monkey  are  of  a  similar  nature. 

The  Insidious  nature  of  the  vestibular  lesions  makes  it 

imperative  that  any  diver  who  has  experienced  inner  ear  decompression 

s  '  should  obtain  follow-up  clinical  evaluation  over  a  period  of 
b  3  before  a  clean  bill  of  health  is  given.  The  fact  that 


many  u..  rs  experience  vertigo  during  decompression  suggests  that 
pathological  bone  growth  may,  perhaps,  be  quite  common  in  older 
divers.  (It  would  be  interesting  to  know  wlutlier  or  not  divers  hear 


a  click,  snap,  or  bang  preceding  a  vestibular  hit,  as  might  be 
expected  on  the  basis  of  Ward's  model  (7).)  The  slow  growth  rate  of 
this  ectopic  bone  would  be  expected  to  give  central-nervous-sys tern 
compensatory  mechanisms  time  to  develop  and  restore  normal  balance 
during  ambulatory  situations  when  there  is  good  visibility.  However, 
exposure  to  conditions  of  neutral  buoyancy  and  poor  visibility,  such 
as  can  occur  while  diving,  could  lead  to  disorientation  and  may 
threaten  the  life  of  a  diver  who  had  previously  received  such  a  hit. 

Accordingly,  It  may  be  prudent  for  every  diver  who  has  sus¬ 
tained  such  a  hit,  to  obtain  either  a  temporal-bone  computerized 
tomographic  scan  (11)  or,  better  yet,  one  that  utilizes  nuclear- 
magnetic-resonance  imaging  techniques  (since  this  does  not  require 
exposure  to  radiation  but  provides  similar  information)  In  order  to 
assess  the  true  nature  of  the  damage  before  returning  to  diving. 
Moreover,  older  divers,  even  If  they  have  not  experienced  a  direct 
vestibular  hit,  should  routinely  obtain  a  thorough  otoneurologlcal 
evaluation  (complete  with  scan)  as  there  is  some  evidence  that  a 
series  of  sub-threshold  vestibular  assaults  could  produce  a  similar 
pathology. 

The  clinical  practices  of  the  French  specialists  in  the  treat¬ 
ment  of  decompression-caused  ear  injuries  in  divers  are  of  interest 
to  this  study  (12-15).  Regardless  of  the  dive,  whether  on  compressed 
air  or  helium,  shallow  or  deep  saturation,  the  recommended  practices 


appear  to  be  Che  same:  Che  creacmenc  consists  of  hyperbaric  oxygen 
therapy  In  combination  with  vasodilators,  corticosteroids,  and 
heparin  In  small  doses.  Experience  has  shown  chat  hyperbaric 
oxygenation  with  this  type  of  adjuvant  drug  therapy  Is  very  effective 
in  reversing  peripheral  cochlear  dysfunction.  However,  the  French 
have  noted  Chat,  In  spite  of  immediate  treatment,  peripheral  vestibu¬ 
lar  lesions  from  dives  to  great  depths  can  be  severe  from  Che  onset; 
and,  furthermore,  may  be  permanent  (16)  and  worsen  with  time  (17). 
McCormick  ^  al.  (18)  have  recommended  the  prophylactic  use  of 
heparin  and  Novotny  (19)  the  use  of  nicotinic  acid,  a  reputed  vaso¬ 
dilator,  for  ameliorating  decompression-induced  hearing  loss. 

Given  the  nature  of  the  damage  sustained  by  the  peripheral 
vestibular  apparatus  during  Inner  ear  decompression  sickness.  It  is 
not  surprising  that  neither  hyperbaric  oxygen  therapy  (monkeys  201 
and  207  In  Table  1)  or  prompt  recompression  were  found  to  be  benefi¬ 
cial  forms  of  therapy.  Similarly,  the  beneficial  effects  of  adjuvant 

drug  therapy  with  vasodilators,  antl-lnf lammaCory  agents,  and  anti- 

(© 

coagulants  would  likely  be  extremely  limited.  Ulazepam^  ,  a 
tranquilizer  and  antl-convulsant  agent,  which  has  been  recommended  as 
adjuvant  therapy  for  labyrinthine  decompression  sickness  (20),  would 
also  seem  to  be  powerless  to  either  reverse  or  prevent  this  kind  of 
damage,  though  It  may  provide  some  much-needed  relief  from  vertigo. 

Since  the  nature  of  the  damage  to  the  peripheral  hearing  organ 


In  squirrel  monkeys  is  quite  different  from  that  to  the  vestibular 
apparatus,  it  may  be  that  hyperbaric  oxygen  therapy  as  used  by  the 
French  (12-15)  and  others  (9,19)  could  be  a  beneficial  form  of 
treatment.  Indeed,  studies  to  date  in  our  laboratory  have  shovm  that 
the  cochlear  damage  following  a  successful  hit  first  appears  histo¬ 
logically  only  in  the  form  of  a  blood-protein  exudate  and  an 
occasional  hemorrhage  of  the  cochlea.  Therefore,  it  is  important 
that  the  highly-specialized  receptor  hair  cells,  which  consume  large 
amounts  of  oxygen,  do  not  become  anoxic  as  a  result  of  blood  inter¬ 
ruption  to  the  organ  of  Corti.  (It  bears  mention  that  the  organ  of 
Cortl  always  appears  intact  and  functional  in  celloldin  histological 
sections.)  In  animals  sacrificed  several  months  after  receiving  an 
inner  ear  hit,  the  cochlear  fluid  spaces  have  become  quite  clear, 
containing  much  less  exudate  than  is  observed  shortly  after  the  dive 
(Fig.  3).  In  this  regard,  the  amount  of  exudate  is  similar  to  that 
observed  in  control  animals.  Moreover,  bone  and/or  flbrotic  growth 
have  never  appeared  in  the  cochlea.  Notwithstanding  the  cochlear 
deficits,  gradual  recovery  of  some  hearing  function  was  evident  in 
monkeys  which  were  tested  behavlourally  for  hearing  loss  (Fig.  A), 
even  though  there  was  strong  evidence  that  vestibular  function 
remained  severely  interrupted  (e.g.,  Pancho,  Manuel,  Juan,  and  Enrico 
in  Table  1).  Of  course,  the  fluid  spaces  in  the  inner  ear  are  shared 
by  both  the  vestibular  apparatus  and  the  cochlea.  Thus,  injury  to 
one  organ  often  results  in  a  decrement  of  sensory  function  in  the 
other  organ.  In  this  regard,  the  hemorrhage  or  blood  vessel  blockage 


that  may  result  from  bubble  nucleaCion  and  growth  in  the  ear  vessels 


during  decompression  can  be  significant.  The  effect  on  the  fluids  in 
one  organ  may  cause  changes  in  the  electrolytic  and  protein  composi¬ 
tions  in  the  other  organ,  resulting  in  an  interference  with  the 
physiological  mechanisms  involved  in  normal  sensory  function. 

Presumably,  as  the  initial  disorder  subsides  and  clears,  the  mechan¬ 
isms  which  control  sensory  function  are  re-established.  This  might 
explain  why,  sometimes,  there  is  sensorl-neural  hearing  loss  without 
any  apparent  concomitant  pathological  basis. 

All  of  the  hits  that  are  recorded  in  Table  1  occurred  at 
various  depths  during  ascent,  and  never  at  the  surface.  There  are, 
however,  many  instances  of  human  divers  whose  symptotns  appear 

suddenly,  only  after  decompression  has  been  completed.  This  could 
signify  that  there  are  gas  bubbles  which  are  trapped  in  the  conical 
processes,  but  whose  further  growth  has  been  inhibited  by  the  rigid 
surrounding  bone.  It  is  possible  that  such  bubbles  could  remain 
quiescent  and  asymptomatic,  until  some  unknown,  cataclysmic  "Jolt" 
causes  them  to  continue  to  grow  and,  thereby,  fracture  the  bone  con¬ 
taining  them.  Accordingly,  a  prudent  method  for  prever  ing  this  type 

of  subsequent  bubble  growth  might  be  the  mandatory  use  of  the  U.S. 
Air  Force  modification  of  the  U.S.  Navy  Table  6A  Treatment  (3)  for 
gas  embolism  whenever  decompression  sickness  is  suspected*.  Further¬ 
more,  as  indicated  above,  it  would  appear  that  such  treatment  would 
benefit  the  cochlea. 
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Farmer  (20)  has  Indicated  that  a  drug  treatment  which  relies 
upon  increasing  Inner  ear  blood  flow,  as  has  been  recommended  by  the 
French  and  others  (12-15,18,19),  may  result  in  additional  bleeding; 
or.  It  might  cause  blood  flow  to  be  shunted  to  more  peripheral 
regions,  thereby  counteracting  Its  Intended  purposes.  Such  agents  are 
considered  by  him  to  be  potentially  harmful  and  are  not  recommended. 
The  results  from  this  study  would  tend  to  support  Farmer's  reasoning. 

SUMMARY  AND  CONCLUSIONS 

As  a  result  of  our  research  on  the  nature  of  the  Inner  ear 
decompression  sickness  resulting  from  deep  dives,  the  following 
statements  can  be  made: 

1)  The  sickness  occurs  very  suddenly  during  the  ascent  phase  of  the 
dive  (between  62  msw  and  the  surface,  for  squirrel  monkeys  on  a 
274-msw  dive). 

2)  Prompt  recompression  appears  to  lessen  (or  even  eliminate)  the 
acute  behavioural  signs  and  symptoms  of  Inner  ear  decompression 
sickness;  It  does  not,  however,  reverse  the  pathological  damage  to 
the  vestibular  apparatus  that  is  provoked  by  the  dive. 

3)  Serial  histological  sections  of  the  brains  and  temporal  bones  of 
monkeys  which  had  received  Inner  ear  hits  show  that.  If  the  only 


symptoms  are  of  a  vestibular  nature,  then  the  problem  is  likely  to  be 
only  In  the  ear,  and  not  In  the  brain. 


4)  Cochlear  damage  first  appears  In  the  form  of  blood  and  blood- 
protein  exudates  In  the  otic  fluid  spaces;  much  later,  these  spaces 
appear  clear,  similar  to  those  observed  In  control  animals.  Hearing 
tests  show  that  some  of  the  monkeys  gradually  recover  some  of  their 
hearing  deficit  (without  benefit  of  adjuvant  drug  therapy);  however, 
a  residual  loss  remains  permanently. 


5)  Vestibular-apparatus  damage  first  appears  in  the  form  of  severe 
hemorrkage  and  blood-protein  exudates  In  the  otic  fluid  spaces; 
later,  these  spaces  become  invaded  by  ectopic  new  bone  growth  and 
fibrous  material. 


6)  Histologically,  temporal-  and  canal-bone  breaks  are  prevalent  In 
some  of  the  hit  monkey  ears.  A  theory  was  developed  (7)  which 
predicts  that  such  breaks  could  occur  from  "Imploding"  forces  that 
are  caused  by  the  large  pressures  (1.6  MPa  or  more  (8))  that  are 
generated  as  a  result  of  bubble  nucleatlon  and  growth  within  osteo¬ 
clast  (bone)  cells  during  decompression. 

7)  Cochlear  lesions  likely  occur  as  a  result  of  bubble  formation  and 
growth  within  mlcrovessels ,  and  their  consequent  blockage  and/or 
rupture  causing  hemorrhage  and/or  blood-protein  exudatatlon.  Because 
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of  the  damage  of  anoxia  to  the  highly-specialized  receptor  hair  cells 
of  the  cochlea  under  such  conditions,  immediate  hyperbaric  oxygen 
treatment  would  appear  to  be  a  necessary  requirement. 

B)  Vestibular  lesions  of  the  type  described  in  this  report  would  not 
benefit  from  (nor  be  aggravated  by)  hyperbaric  oxygen  therapy, 
whether  the  treatment  used  is  for  decompression  sickness  (Table  6 
treatment)  or  for  gas  embolism  (Table  6A  treatment).  However,  since 
cochlear  lesions  often  appear  with  vestibular  lesions,  such  treatment 
should  be  a  recommended  practice  whenever  a  cochleovestibular  insult 
is  indicated. 

9)  Adjuvant  drug  therapy  that  increases  inner  ear  blood  flow  is 
contraindicated  in  the  treatment  of  inner  ear  decompression  sickness. 

lU)  Any  diver  who  has  experienced  inner  ear  decompression  sickness 
should  obtain  extensive  follow-up  clinical  evaluations  before 
returning  to  diving.  Older  divers,  whether  or  not  they  have  received 
a  direct  inner  ear  insult  during  decompression,  should  routinely 
obtain  a  thorough  otoneurological  examination. 
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ASC,  LSC,  and  PSC  signify  the  anterior,  lateral,  and  posterior  semicircular  canals;  e  and  p,  the 
endolymphatic  and  perilymphatic  spaces,  respectively. 

■*■  Information  for  monkeys  8-68  inclusive  has  appeared  previously  in  Tables  4  and  5  of  Ref.  3. 

*  New  bone  growth  and  fibrous  material  were  also  found  near  ampulla  and  utricle  in  perilymphatic  space 


Footnote 


*  DCIEM's  only  effort  with  the  modified  Table  6A  Treatment  was 
equivocal.  Monkey  W13  (not  mentioned  previously),  upon  receiving  a 
central-nervous-system  (CNS)  hit  at  30.5  msw  on  ascent  from  a  274-msw 
dive,  was  recompressed  to  50  msw.  This  removed  the  CNS  hit  but  left 
the  monkey  with  an  apparent  vestibular  hit  (possibly  a  hit  in  the 
vestibular  central  pathways)  that  persisted  until  the  animal  was 
(slowly)  decompressed  to  19.5  msw,  whereupon  all  signs  of  the  hit 
disappeared.  On  reaching  surface,  monkey  Wi3  was  given  a  single 
modified  Table  6A  Treatment.  This  monkey  was  sacrificed  86  days 
after  the  dive;  subsequent  temporal  bone  histology  indicated  that  the 
vestibular  organs  were  intact  and  in  good  condition. 


Figure  Captions 


Fig.  1.  Normal  posterior  (PSC)  and  lateral  (LSC)  semicircular  canals 
and  associated  structures  in  a  horizontal  section  from  the 
right  labryinth  of  monkey  166.  The  membranous  posterior 
(PSD)  and  lateral  (LSD)  semicircular  ducts  lie  within  the 
respective  canals.  Abbreviations:  MU  “  macular  utriculi  — 
the  sensory  end  organ  for  the  detection  of  linear  accelera¬ 
tions  and  gravity  which  is  located  in  the  utricle  (U);  CR  = 
crista  ampullarls  —  the  sensory  end  organ  for  detecting 
angular  accelerations;  CU  —  cupula  (which  interfaces  with  CR 
and  normally  fills  the  ampullary  space  in  its  plane  of  pro¬ 
jection,  but  has  shrunk  as  a  result  of  tissue  fixation);  LA  ■= 
ampulla  of  LSC;  e  and  p  =  endolymphatic  and  perilymphatic 
fluid  spaces,  respectively.  The  dark  half-circular  band  on 
the  distal  surfdace  of  the  crista  is  its  sensory  epithelium. 
Bar  =  50  )im. 

Fig.  2.  Horizontal  histological  section  from  the  left  labyrinth  of 
monkey  Pancho,  illustrating  extensive  bone  and  fibrotic 
growth  (FOM)  in  the  otic  fluid  spaces  in  the  posterior  (PSC) 
and  lateral  semicircular  canal  (LSD,  LA)  systems.  Note  that 
the  cupula  is  missing  and  that  the  "bald"  crista  ampullarls 
(CR)  has  only  a  very  thin  band  of  sensory  epithelium.  This 
clearly  indicates  a  non-functioning  sensory  end  organ.  Both 


otic  fluid  spaces  in  the  PSC  have  been  blocked  by  ROM, 
rendering  that  canal  non-functional  also.  Symbols:  U  = 

utricle;  *  designates  otoconial  (ear-stone)  mass  that  has 
been  displaced  from  the  macula  utrlculi  (which  is  not  clearly 
defined  in  this  photo).  Bar  *  50  )im. 

Fig.  3.  Horizontal  histological  section  illustrating  the  presence  of 
a  normal-appearing  cochlea  next  to  a  pathological  lateral 
ampulla  (LA)  from  the  left  labyrinth  of  monkey  169.  Both  the 
endolymphatic  (e)  and  perilymphatic  (p)  spaces  in  the  cochlea 
are  clear,  and  the  organ  of  Corti  (OC)  —  the  sensory  end 
organ  of  hearing  —  appears  normal.  The  presence  of  fibro- 
osseous  material  (FUM)  in  the  perlymphatlc  space  of  the  LA  is 
evident.  Abbreviations:  SV,  ST,  SM  =  scalae  vestlbuli, 

tympanl,  and  media,  respectively  (otic  fluid  spaces  in  the 
cochlea);  others  as  in  Fig.  1.  The  *  identifies  cupular 
remnants  which  have  become  detached  from  the  CR.  Bar  =  50 
pm. 

Fig.  4.  Curves  of  average  hearing  thresholds,  in  decibels  (dB)  as  a 
function  of  the  stimulus  frequency  for  monkey  Manuel.  The 
conditions  are:  (1)  pre-dive  (averaged  over  3  tests),  (2) 
post-dive  1  (92-125  days  after  the  dive;  averaged  over  4 
tests),  and  (3)  post-dive  2  (2B7-301  days  after  the  dive; 
averaged  over  4  tests).  As  indicated,  there  was  some 


recovery  of  hearing  between  the  post-dlve-l  tests  (when  the 
hearing  threshold  was  at  Its  worst)  and  the  post-dlve-2  tests 
(the  final  tests  before  the  animal  was  sacrificed  32  days 
later).  The  curves  indicate  th&t  a  (possibly-permanent) 
residual  hearing  deficit  of  10  dB  (at  the  lower  frequencies) 
to  30  dB  (at  the  higher  frequencies)  remains  at  Che  time  of 


sacrifice. 
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SECTION  THREE 


FINDINGS  IN  HUMAN  TEMPORAL  BONES 


DAMAGE  TO  THE  MIDDLE  EAR  AND  THE  INNER  EAR  IN  UNDERWATER  DIVERS 


K.E.  Money,  I.P.  Buckingham,  I.M.  Calder,  W.H.  Johnson,  J.D.  King, 
J.P.  Landolt,  J.  Laufer  and  H.  Ludman 

Introduction 

The  direct  action  of  the  pressure  changes  that  are  encounter¬ 
ed  in  diving  can  cause  damage  to  the  ear  in  at  least  three  distinct¬ 
ly  different  ways: 

(1)  A  relatively  low  pressure  in  the  middle  ear  during 
descent^,  if  large  enough,  can  cause  bleeding  into  the 
middle  ear  and  even  rupturing  of  the  ear  drum, 

(2)  In  attempting  to  raise  the  pressure  in  the  middle  ear 
during  descent,  ’’ clearing  the  ears"  with  a  Valsalva 
manoeuvre,  if  attempted  too  vigorously,  can  result  in 
breaking  of  the  round  window  membrane  and  leaking  of 

2 

perilymph  into  the  middle  ear.  One  postulated  mechanism 
to  explain  this  damage  includes  a  raising  of  the  intra¬ 
cranial  pressure  by  the  Valsalva  manoeuvre,  the  trans¬ 
mission  of  this  pressure  to  the  perilymph  space,  and  a 
progressive  bulging  of  the  round  window  membrane  into  the 
middle  ear  until  a  rip  in  the  membrane  allows  perilymph 


to  escape.  Another  postulated  mechanism^"^  includes  the 
sudden  success  of  a  forceful  Valsalva  maneouvre:  the 
Inwardly-bulging  ear  drum  suddenly  bulges  outwardly, 
pulling  the  stapes  outward  and  "blowing  in"  the  round 
window  membrane  with  resulting  rupture  of  the  round 
window  membrane.  Regardless  of  the  mechanism  of  damage, 
the  "inner  ear  barotrauma"^  results  in  a  perilymph  leak 
into  the  middle  ear^,  and  the  diver  experiences  some  or 
all  of:  dizziness,  tinnitus,  and  hearing  loss.  In  some 
divers,  bed  rest  with  the  head  elevated  for  several  days 
allows  healing  to  take  place,  but  in  some  cases  surgical 
repair  of  the  round  (or  oval)  window  is  required  to 
prevent  permanent  loss  of  hearing, 

(3)  During  ascent  from  a  dive,  the  Eustachian  tube  normally 
opens  without  difficulty  and  large  pressure  differences 
across  the  ear  drum  do  not  occur.  However,  if  the  breath 
is  held  during  ascent  (a  mistake  that  is  frequently  fatal 
because  of  "burst  lung"),  then  the  reduction  of  pressure 
outside  the  ear  drum  could,  in  theory,  result  in  the 
bulging  of  the  ear  drum  outward,  causing  rupture  of  the 
ear  drum  with  concomitant  bleeding  into  the  middle  ear. 


Unrelated  to  the  damage  that  is  caused  directly  by  these 
re  changes ,  Is  the  damage  to  the  ear  that  is  caused  indirectly 


by  the  pressure  changes,  i.e.,  by  means  of  decompression  sickness 
(bends  or  hits)  of  the  inner  ear.  If  a  dive  is  deep  and  prolonged, 
then  excessive  quantities  of  nitrogen  or  other  inert  gases  are  dis¬ 
solved  in  the  body  tissues.  Then,  if  the  ascent  is  too  rapid,  these 
gases  will  come  out  of  solution  and  form  bubbles  that  can  cause 
extensive  damage.  Such  decompression  damage  to  the  inner  ear  is  one 
of  the  most  common  kinds  of  bends  associated  with  deeper  diving®, 
and  it  presents  itself  as  hearing  losses  and/or  dizziness  in 
divers^"^^.  The  damage  is  usually  unilateral  and  can  be  reversed 
with  prompt  standard  recompression  procedures^"^^  (including  hyper¬ 
baric  oxygen  therapy^^)  but  the  hit  sometimes  results  in  permanent 
damage  (even  a  "dead  ear").  In  experimental  animals , decompression 
damage  to  the  inner  ear  Includes  bleeding  into  the  perilymph  and 
endolymph  fluid  spaces  of  both  the  cochlea  and  the  vestibular 
apparatus ^2-1 5 ^  small  breaks  in  the  temporal  bone^®,  and  invasion  of 
the  semicircular  canals  by  new  bone  growth^^”^^. 

The  present  study  utilized  post-mortem  human  material  to 
determine  whether  or  not  the  clinical  manifestations  of  damage  to 
the  ear  in  diving  are  consistent  with  the  observed  pathology,  and, 
moreover,  to  see  whether  or  not  the  pathological  findings  in 
experimental  animals  have  their  counterparts  in  the  human  material. 


Methods 


The  study  material  Includes  the  temporal  bones  of:  (1) 

divers  who  had  died  from  "burst  lung",  because  of  breath  holding 
during  ascent  (to  see  whether  or  not  there  was  bleeding  In  the 
middle  ear  space),  (2)  divers  who  had  a  history  of  Inner  ear  bends 
and  who  died  subsequently  (because  of  accident  or  other  causes),  and 
(3)  divers  who  died  underwater  for  reasons  unknown.  The  temporal 
bones  were  sectioned  serially  for  histological  study  using  the 
celloidln  method  of  Igarashi  . 

Results  and  Discussion 


Burst  Lung  Findings 

It  was  found  that  bleeding  Into  the  middle  ear,  and  rupture 
of  the  ear  drum,  does  Indeed  occur  In  association  with  the  "burst 
lung"  condition  that  results  from  ascent  while  holding  the  breath. 
Figure  1  shows  this  quite  explicitly,  with  bleeding  from  the  ears 
occurring  in  a  diver  who  died  underwater  from  burst  lung.  On  both 
sides,  the  ear  drums  were  ruptured,  and  bleeding  Into  the  middle  ear 
resulted  In  the  blood  appearing  in  the  external  ears.  The  amount  of 
blood  is  much  greater  than  the  amount  that  could  come  from  the  tiny 
vessels  supplying  the  tympanic  membrane  itself,  and  it  seems  likely 
that  a  direct  pressure  difference  caused  rupturing  of  vessels  in  the 


lining  of  the  middle  ear  cavity 


Ascending  with  closed  glottis  is  one  of  the  most  elementary 
and  basic  errors  a  diver  can  make  and  it  is,  therefore,  reasonable 
to  think  that  such  an  error  would  usually  occur  only  after  a  consid¬ 
erable  provocation  such  as:  (1)  gross  contamination  of  the  breath¬ 
ing  gas  (for  example,  if  the  diver  inhaled  oil  or  water  or  vomitus, 
he  might  panic  and  hold  his  breath  while  swimming  for  the  surface); 

(2)  decrease  in  cerebral  competence  (for  example,  a  toxicosis);  or 

(3)  a  disorientation  (for  example,  in  conditions  of  restricted 
visibility,  a  vestibular  malfunction  could  make  the  diver  think  he 
is  swimming  down  when  he  is  actually  swimming  up).  Disorientation 
with  erroneous  perception  of  the  down  direction  occurs  readily 
underwater^®  and,  at  least  in  aircraft  pilots,  disorientation  can  be 
strongly  compelling  even  when  correct  symbolic  Information  about 
orientation  is  available.  It  seems  obvious  then,  that  disorienta¬ 
tion  from  whatever  cause  could  give  rise  to  middle  ear  and/or  inner 
ear  damage  (and/or  burst  lung)  and  that,  conversely,  inner  ear 
damage  from  whatever  cause  could  give  rise  to  disorientation. 

Inner  Ear  Decompression  Sickness 

As  in  experimental  animals^^,  it  was  found  also  in  the  human 
material  that  decompression  sickness  (resulting  from  bubbles  of 
inert  gases  coming  out  of  solution  with  decreasing  pressures,  i.e. 


bends),  can  cause  bleeding  Into  the  perilymph  spaces  of  the 
cochlea.  Figure  2  shows  this  phenomemon  In  a  squirrel  monkey  that 
had  been  exposed  to  a  simulated  dlve^^  and  In  a  human  diver.  It  Is 
possible  that  this  bleeding  Is  associated  with  the  hearing  losses 
that  sometimes  occur  with  decompression  sickness  In  human  divers^~^^ 
and  In  animals  exposed  to  similar  pressure  schedules 

One  human  diver  suffered  severe  Inner  ear  symptoms,  hearing 
loss  with  tinnitus,  and  dizziness,  some  5  hours  after  ascent  from  a 
dive  to  100  metres  of  sea  water  for  19  minutes.  The  episode  was 
clearly  one  of  decompression  sickness  and  It  Included  also  some 
joint  pain  (another  common  result  of  inert  gases  forming  bubbles  In 
tissues).  It  was,  therefore,  entirely  unrelated  to  the  middle  ear 
problems  of  diving;  It  was  caused  by  bubbles  of  inert  gas.  Sub¬ 
sequently,  his  hearing  loss.  In  the  left  ear,  was  documented  clini¬ 
cally  (Fig,  3)  as  was  his  complete  loss  of  vestibular  function  in 
the  left  ear.  It  bears  mention  also  that  a  variety  of  recompression 
treatments  were  employed  at  the  time  of  the  hit;  none  of  which 
alleviated  the  condition.  This  diver  died  suddenly,  of  unrelated 
causes,  56  days  after  the  dive  that  caused  his  recompression 
damage.  Figure  4  shows  the  new  bone  growth  that  had  started  to 
Invade  one  of  the  semicircular  canals  of  his  left  ear.  This 
peculiar,  and  manifestly  maladaptive,  bone  growth  has  been  shown  to 
occur  in  squirrel  monkeys  as  a  result  of  decompression  damage  to  the 
Inner  ear^^,  and  It  Is  significant  that  decompression  can  also 


provoke  this  bone  growth  in  man. 

In  monkeys,  the  new  bone  growth  following  decompression 
appears  to  be  Initiated  by  rips  In  the  endosteum  or  by  tiny  fractures 
(with  displacement  of  small  chips  of  bone)  In  the  bony  semicircular 
canals^^”^^.  The  Inner  ear  will  produce  maladaptive  new  bone  growth 
in  response  to  a  variety  of  stimuli,  and  In  man  such  growth  has 
destroyed  the  Inner  ear  following  trauma  to  the  endosteum.  Inner  ear 
hemorrhage.  Infection,  or  Interference  with  the  blood  supply20-21. 

Other  Findings 


Figure  5  shows  the  middle  ears  and  Inner  ears  of  a  diver  who 
died  underwater  from  causes  undetermined.  In  this  diver,  the  round 
window  membrane  was  ruptured  on  the  left  side  and  the  middle  ear  Is 
almost  filled  with  blood.  On  the  right  side,  the  round  window 
membrane  was  Intact  and  the  middle  ear  contained  only  a  little 
blood.  The  large  amount  of  blood  In  the  left  middle  ear  suggests 
that,  the  bleeding  occurred  under  pressure  (that  Is,  while  the  heart 
was  beating).  The  pressure  required  to  rupture  the  round  window 
membrane  could  have  been  produced  either  by  a  violent  Valsalva 
manoeuvre  or  by  an  ascent  with  a  closed  glottis.  It  is  possible  that 
the  rupture  of  the  round  window  membrane  was  followed  by  a  vestibular 
malfunction  resulting  in  a  disorientation  that  contributed  to  the 


death  of  the  diver 


Conclusions 


Evidence  was  found  Chat,  in  addition  to  burst  lung,  ascent 
while  breath  holding  can  result  in  bleeding  into  the  middle  ear  and 
rupture  of  the  ear  drum.  Following  decompression  sickness  of  the 
Inner  ear,  similarities  were  found  in  the  histological  pictures  of 
the  ear  damage  in  man  and  in  monkeys.  The  new  bone  growth  in  the 
semicircular  canals,  found  here  in  nan  following  inner  ear  decom¬ 
pression  sickness,  can  be  expected  to  attenuate  the  functions  of  the 
semicircular  canals  over  the  following  several  months,  and  such 
attenuation,  when  observed  clinically,  can  be  understood  on  the 
basis  of  events  in  the  Inner  ear,  without  recourse  to  etiologies 
Involving  the  central  nervous  system22^  Such  maladaptive  bone 
growth  might  also  be  responsible  for  the  "late  deficit"  that  can 
follow  the  more  common  kinds  of  fracture  or  other  injuries  of  the 
temporal  bone^-** 


Acknowledgement 


This  study  was  supported  in  part  by  the  Office  of  Naval 


Research,  USN,  Grant  N0001A-77-G-0077. 


References 


1.  Farmer,  J.C.  Diving  injuries  to  the  Inner  ear.  Ann.  Otol. 
Rhinol.  Laryngol.  86  (Suppl.  36,  1  pt.  3),  1977. 


2.  Goodhill,  V.,  Harris,  I.,  and  Brockman,  S.  Sudden  deafness  and 
labyrinthine  window  ruptures.  Ann.  Otol.  Rhinol.  Laryngol.  82: 
2,  1973. 


3.  Freeman,  P.  and  Edmonds,  C.  Inner  ear  barotrauma.  Arch. 
Otolaryng.  95:  556,  1972. 


4. 


Edmonds,  C.,  Lowry,  C. ,  and  Pennefather,  J. 
subaquatic  medicine.  2nd  Edition.  Published  by 
Medical  Centre,  2b  Hale  Road,  Mosman,  NSW,  Australia 


Diving  and 
The  Diving 
2088,  1981. 


5.  Edmonds,  C. ,  Freeman,  P.,  and  Tonkin,  J.  Fistula  of  the  round 
window  in  diving.  Trans.  Am.  Acad.  Ophthalmol.  Otolaryngol.  78: 
444,  1974. 


6.  Butler,  F.K.  and  Thalmann,  E.D.  Report  of  an  isolated  mid- 

frequency  hearing  loss  following  inner  ear  barotrauma.  Undersea 
Biomed.  Res.  10:  131,  1983. 

7.  Caruso,  V.G.,  Winkelmann,  P.E.,  Correia,  M.J.,  Miltenberger , 


G.E.,  and  Love,  J.T.  Otologic  and  otoneurologlc  injuries  in 


divers:  Clinical  studies  on  nine  commercial  and  two  sport 

divers.  Laryngoscope  87,  508,  1977. 

8.  Buhlmann,  A. A.,  and  Waldvogel,  W.  The  treatment  of  decompres¬ 
sion  sickness.  Helv.  Med.  Acta.  33,  487,  1967. 

9.  Farmer,  J.C.,  Thomas,  W.G.,  Youngblood,  D.G. ,  and  Bennett,  P.B. 
Inner  ear  decompression  sickness.  Laryngoscope  86,  1315,  1976. 

10.  Edmonds,  C.,  Freeman,  P.,  Thomas,  R.,  Tonkin,  J.,  and  Blackwood, 
F.A.  Otological  Aspects  of  Diving.  Glebe,  N.S.W.  Australia: 
Australian  Med.  Publish.,  1973. 

11.  Le  Mouel,  C.,  Renon,  P.,  Sue,  B.,  et  Asperge,  A.  Traltement 
hyperbare  des  accidents  de  I’orellle  interne  ll^s  3  la  plong^e. 
Med.  Aeronaut.  Spat.  Med.  Subaquat.  Hyperbar.  20,  242,  1981. 

12.  Chiappe,  E.  Leslonl  dell'orexchlo  Interno  da  decompressione. 
•  Oto-Rlno-Laringol.  Ital.  9,  149,  1939. 

13.  Long,  F.X.,  Demard,  F. ,  et  Appaix,  A.  Les  barotraumatismes  de 
I'orellle  interne.  Etude  chez  le  cobaye.  Med.  Aeronaut.  Spat. 
Med.  Subaquat.  Hyperbar.  16,  394,  1977. 


14 .  Landolt ,  J.P.  , 


Money,  K.E.,  Topliff,  C.O.L.,  Powers,  K.D.,  and 


Johnson,  W.H.  Vestlbulo-cochlear  dysfunction  in  squirrel 
monkeys  in  simulated  diving  experiments.  Med.  Aeronaut.  Spat. 
Med.  Subaquat.  Hyperbar.  16,  377,  1977. 

15.  McCormick,  J.G.,  Phllbrick,  T.,  Holland,  W.B.,  and  Harrill, 
J.A.  Diving  Induced  sensori-neural  deafness:  Prophylactic  use 
of  heparin  and  preliminary  hlstopathology  results.  Laryngoscope 
83,  1483,  1973. 


16.  Fraser,  W.D.,  Landolt,  J.P.,  and  Money,  K.E.  Semicircular  canal 
fractures  in  squirrel  monkeys  resulting  from  rapid  decompres¬ 
sion.  Interpretation  and  significance.  Acta  Otolaryngol.  95, 
95,  1983. 

17.  Landolt,  J.P.,  Money,  K.E.,  Topliff,  E.D.L.,  Nicholas,  A.O., 
Laufer,  J.  and  Johnson,  W.H.  Pathophysiology  of  inner  ear  dys¬ 
function  in  the  squirrel  monkey  in  rapid  decompression.  J. 
Appl.  Physiol.:  Respirat.  Environ.  Exercise  Physiol.  49,  1070, 

.  1980. 

18.  Igarashl,  M.  A  Standard  Technique  for  Temporal  Bone  Prepara¬ 
tion.  Pensacola,  FI.:  Naval.  Aerosp.  Med.  Inst.,  Monograph  16, 
1966. 

19.  Landolt,  J.P.,  Money,  K.E., 


Radomski,  M.W. ,  Riusech,  R.G., 


Odell,  P.C.,  and  Watson,  W.J.  Inner  ear  decompression  sickness 
In  the  squirrel  monkey:  Observations,  Interpretations,  and 

mechanisms.  In:  Underwater  Physiology  VIII.  Bethesda,  Md. 

Undersea  Medical  Society,  Inc.,  (In  press). 

20.  Suga,  F.,  and  Lindsay,  J.R.  Labyrinthitis  ossificans.  Ann. 
Otol.  86:  17,  1977. 

21.  Belal  Jr.,  A.  Pathology  of  vascular  sensorineural  hearing 
Impairment.  The  Laryngoscope  90:  1831,  1980. 

22.  Landolt,  J.P.,  Money,  K.E.,  Topllff,  E.D.L.,  Ackles,  K.N.,  and 
Johnson,  W.H.  Induced  vestibular  dysfunction  In  squirrel  monkeys 
during  rapid  decompression.  Acta  Otolaryngol.  90,  125,  1980. 

23.  Barber,  H.O.  Personal  Communication. 


Fig.  1  Diver  who  died  from  "burst  lung". 

The  blood  on  the  face  came  from  the  middle  ear. 


SPIRAL  LIGAMENT 


Audiograms  of  diver  following  decompression  sickness. 

Open  circles  indicate  near-normal  levels  in  the  right  ear;  the 
X’s  indicate  the  very  large  hearing  losses  in  the  left  ear. 
This  diver  also  had  complete  loss  of  vestibular  function  in 
the  left  ear. 
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Fig.  5  Middle  and  inner  ears,  left  (a)  and  right  (b),  from  a  diver  who  died  underwater  from  causes  unknown. 
The  left  ear  has  the  round  window  membrane  ripped  and  the  middle  ear  filled  with  blood;  the  right 
^  ear  is  essentially  normal. 


FOOT  PLATE 
OF  STAPES 


BLOOD  IN 
MIDDLE  EAR 


m 


LATERAL  AMPULLARY  CRISTA 


COCHLEA 


BREAK  IN  ROUND  WINDOW  MEMBRANE 


LATERAL  AMPULLARY  CRISTA 


COCHLEA 


.Jl 


FOOT  PLATE 
OF  STAPES 


UNBROKEN  ROUND 
WINDOW  MEMBRANE X 


clear  middle  ear  space 
(no  blood) 


SECTION  FOUR 


REPORT  DOCUMENTATION  PAGE 


security  classification  of  this  pace  (Whmn  Datm  Bnitred) 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


I  «PORT  number  12.  govt  accession  NO.I  3.  RECIPIENT’S  catalog  NUMBER 


REPORT  DOCUMENTATION  PAGE 


9  performing  organization  name  and  address 


S.  TYPE  OF  REPORT  6  PERIOD  COVERED 


6.  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERfa) 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  A  WORK  UNIT  NUMBERS 


M.  controlling  office  name  and  ADDRESS 


12.  report  DATE 


13.  NUMBER  OF  PAGES 


4  monitoring  agency  name  &  AODRESS^/i  ditimrmnt  itom  ContrctUng  Offtc0)  I  IS.  SECURITY  CLASS,  (of  thlo  roport) 


tSa.  OeCLASSlFtCATlON/OOWNGRAOlNC 
SCHEDULE 


IS  OlS'^'RlBuTiON  STATEMENT  (of  thfa  Rapofi; 


...»  . .  .--.iC" 


17.  distribution  statement  (of  tho  obatrmct  ontorod  tn  Block  20.  If  d//f#ranf  from  Roport) 


19.  KEY  WORDS  ^Contlnum  on  ravaraa  otdo  U  nocoooorjr  and  Idontify  ky  block  niimbor) 


20  ABS'^’^^ACT  ' Conftnum  on  rmvoroo  aidm  It  nacaaaary  and  Idontify  by  block  numbor) 


JAN  M  1473  COiTiON  OF  »  NOv  83  IS  obsolete 


N  0  1  J  .  -  1  ‘  :  i  '.601 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  fBWan  Oafa  Bntorod) 


INSTRUCTIONS  FOR  PREPARATION  OF  REPORT  DOCUMENTATION  PACE 


RESP6NS1BIL1TY.  The  controlling  DoD  oflice  will  be  responsible  for  completion  of  the  Report  Documentation  Page,  DD  Form  1473,  in 
all  technical  reports  prepared  by  or  for  OuD  organizations. 

CLASSIFICATION  Since  this  Report  Documentation  Page.  DD  Form  1473,  is  used  in  preparing  announcements,  bibliographies,  and  data 
banks,  it  should  be  unclassified  if  possible.  If  a  classification  is  rerjuired,  identify  the  classified  items  on  the  page  by  the  appropriate 
symbol. 


completion  guide 


General  Make  Blocks  1.  4.  5,  6.  7.  11,  13,  15,  and  16  agree  with  the  corresponding  information  on  the  report  cover.  Leave 
Blocks  3  and  3  blank 


Block  1.  Repoit  Number.  Enter  the  unique  alphanumeric  report  number  shown  on  the  covet. 

Block  2.  Government  Accession  No.  Leave  Blank.  This  space  is  for  use  by  the  Defense  Documentation  Center. 

Block  3.  Recipient’s  Catalog  Number.  Leave  blank.  This  space  is  for  the  use  of  the  report  recipient  to  assist  in  future 
retrieval  of  the  document. 

Blog ll  A-  Ti  tie  and  Subtitle.  Enter  the  title  in  alt  capital  letters  exactly  as  it  appears  on  the  publication.  Titles  should  be 
unclassified  whenever  possible  Write  out  the  En^ish  equivalent  for  Greek  letters  and  mathematical  symbols  in  the  title  (see 
“Absttei'ting  Scieiin/ic  and  Technical  Reports  ot  Detense-sponsored  RDT/E. “AD-66  7  000).  If  the  report  has  a  subtitle,  this  subtitle 
should  follow  the  mam  title,  be  separated  by  a  comma  or  semicolon  if  appropriate,  and  be  initially  capitalized.  If  a  publication  has  a 
title  in  a  foreign  language,  translate  the  title  into  English  and  follow  the  English  translation  with  the  title  in  the  original  language. 

Make  every  effort' to  simplify  the  title  before  publication. 

Block  5.  Type  of  Report  and  Period  Covered.  Indicate  here  whether  report  is  interim,  final,  etc.,  and,  if  applicable,  inclusive 
dates  of  period  covered,  such  as  the  life  of  a  contract  covered  in  a  final  contractor  report. 

Block  6.  Performing  Organization  Report  Number.  Only  numbers  other  than  the  official  report  number  shown  in  Block  1,  such 
as  series  numbers  for  in-house  reports  or  a  contractor/ grantee  number  assigned  by  him,  will  be  placed  in  this  space.  If  no  such  number 
are  used,  leave  this  space  blank 

Block  7.  Authorfsl.  Include  corresponding  infoimation  from  the  report  cover.  Give  the  namefs)  of  the  authorfs)  in  conventional 
order  (lor  example.  John  R.  Doe  or,  if  author  prefers,  J.  Robert  Doe).  In  addition,  list  the  affiliation  of  an  author  if  it  differs  from  that 
of  the  performing  organization. 

Block  8.  Contract  or  Grant  Numberfai.  For  a  contractor  or  grantee  report,  enter  the  complete  contract  or  grant  numberfs7  under 
which  the  work  reported  was  accomplished,  t.eave  blank  in  in-house  reports. 

Block  9.  Performing  Organization  Name  and  Address.  For  in-house  reports  enter  the  name  and  address,  including  office  symbol, 
of  the  performing  activity  For  contractor  or  grantee  reports  enter  the  name  and  address  of  the  contractor  or  grantee  who  prepared  the 
report  and  identify  the  appropriate  corporate  division,  school,  laboratory,  etc.,  of  the  author.  List  city,  state,  and  ZIP  Code. 

Block  10.  Program  Element.  Project,  Task  Area,  and  Work  Unit  Numbers.  Enter  here  the  number  code  from  the  applicable 
Department  of  Defense  form,  such  as  the  DD  Form  1498,  ^Research  and  Technology  Work  Unit  Summary”  or  the  DD  Form  1634. 
"Research  and  Development  Planning  Summary,”  which  identifies  the  program  element,  project,  task  area,  and  work  unit  or  equivalent 
under  which  the  work  was  authorized. 


Block  11.  Controlling  Office  Name  and  Address.  Enter  the  full,  official  name  and  address,  including  office  symbol,  of  the 
controlling  office  I’Equales  to  funding,  sponsoring  agency.  For  definition  see  DoD  Directive  5200.20,  “Distribution  Statements  on 
Technical  Documenis.”) 

Block  12.  Report  Date.  Enter  here  the  day,  month,  and  year  or  month  and  year  as  shown  on  the  cover. 

Block  13.  Number  of  Pages.  Enter  the  total  number  of  pages. 


Block  14.  Monitoring  Agency  Name  and  Address  (if  different  from  Controlling  Office).  For  use  when  the  controlling  c  ' 'nding 
office  does  not  directly  administer  a  project,  contract,  or  grant,  but  delegates  the  administrative  responsibility  to  another  organ  :.ation. 

Blocks  15  k  15b.  Security  Classification  of  the  Report:  Declaaaiflcation/Downgrading  Schedule  of  the  Report.  Enter  in  15 
the  highest  classification  of  the  report.  If  appropriate,  enter  in  I5a  the  declaaaification/downgrading  achedule  of  the  report,  ualng  the 
abbreWations  for  declassification/downgrading  achedulea  listed  in  paragraph  4-207  of  DoD  5200. 1-R. 

Block  16.  Distribution  Statement  of  the  Report.  Insert  here  the  applicable  distribution  statement  of  the  report  from  DoD 
Directive  5200.20.  "Distribution  Statements  on  Technical  Documents.” 

Block  17.  Distribution  Statement  (of  the  abstract  entered  in  Block  20,  if  different  from  the  distribution  statement  of  the  refmU). 
Insert  here  the' applicable  distribution  statement  of  the  abstract  from  DoD  Directive  5200.20.  "Distribution  Statements  on  Technical  Doc¬ 
uments.” 

Block  18^  Supplementary  Notes.  Enter  information  not  included  elsewhere  but  useful,  such  as:  Prepared  in  cooperation  with 
.  Trails i at rorT^f  (or  by)  .  .  Presented  at  conference  of  ...  To  be  published  in  .  .  . 


Block  19.  Key  Words  Select  terms  or  short  phrases  that  identify  the  principal  subjects  covered  in  the  report,  and  are 
sufficiently  specific  and  precise  to  be  used  as  index  entries  for  cataloging,  conforming  to  standard  terminology.  The  DoD  "Thesaurus 
of  Engineering  and  Scientific  Terms”  (TEST),  AD-672  000,  can  be  helpful. 


Block  ’0  Abstract.  The  abstract  should  be  a  brief  (not  to  exceed  200  words)  factual  summary  of  the  most  signiftca.it  informa¬ 
tion  -onlainei  inlhe  report.  If  possible,  the  abstract  of  a  classified  report  sh,.uld  be  unclassified  and  the  abstract  to  an  unclassified 
report  should  consist  of  publicly-  releasable  information.  If  the  report  contains  a  significant  bibliography  or  literature  su^ej^ mention 
-  ring  abstracts  see  “Abstracting  Scientific  and  Technical  Reports  of  Defense-Sponsored  RDTfcE," 


it  here.  For  information  on  preparing 
AD-667  000. 


U.S.  OHie*;  itai— 


